1. Introduction {#sec1-molecules-22-00715}
===============

*Radix Paeoniae Alba*, the dried rhizome of *Paeonia lactiflora* Pall., is a traditional Chinese medicine that has been used in a number of Asian countries for treatment of rheumatoid arthritis, to alleviate inflammation, amenorrhea, epistaxis, abdominal pain, and other symptoms \[[@B1-molecules-22-00715],[@B2-molecules-22-00715],[@B3-molecules-22-00715]\]. Monoterpenes and monoterpene glycosides are the primary chemical constituents of the roots of *P. lactiflora* \[[@B4-molecules-22-00715],[@B5-molecules-22-00715],[@B6-molecules-22-00715]\]. In our previous phytochemical investigations, nine monoterpenes, paeoniflorin (PF), 4-*O*-methylpaeoniflorin (MPF), albiflorin (AF), paeonidanin (PD), 4-*O*-methylbenzoylpaeoniflorin (MBPF), benzoylalbiflorin (BAF), paeonidanin A (PDA), galloylalbiflorin (GAF), debenzoylalbiflorin (DAF), were isolated from *P. lactiflora* \[[@B7-molecules-22-00715]\]. PF and AF derivatives had been proven to possess anti-inflammatory potential \[[@B4-molecules-22-00715],[@B8-molecules-22-00715],[@B9-molecules-22-00715]\] and can suppress interleukin signaling and the Toll receptor signaling pathway in lipopolysaccharide (LPS)-induced RAW 264.7 cells \[[@B10-molecules-22-00715]\]. In addition, the literature reported that PF can inhibit the nuclear translocation of nuclear factor κB (NF-κB) to suppress the production of proinflammatory cytokines in LPS-induced RAW 264.7 cells \[[@B11-molecules-22-00715]\].

Macrophages play a crucial role during inflammation, and LPS-stimulated RAW 264.7 cells are widely used for evaluating the anti-inflammatory effects of natural products \[[@B12-molecules-22-00715]\]. LPS binds the Toll-like receptor and activates a set of intracellular signaling cascades, such as mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)/AKT and the NF-κB signal pathways, to induce the expression of cytokines, including factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6), and also of inflammatory enzymes, such as inducible nitric oxide synthase (iNOS) \[[@B13-molecules-22-00715],[@B14-molecules-22-00715],[@B15-molecules-22-00715],[@B16-molecules-22-00715]\]. In the present study, comparative anti-inflammatory assays of nine isolated monoterpenoids were carried out, and the structure--activity relationships (SAR) were analyzed. Additionally, the effects of monoterpenoids on Toll receptor signaling were investigated.

2. Results and Discussion {#sec2-molecules-22-00715}
=========================

2.1. SAR and Effect of Monoterpenoids on Anti-Inflammation In Vitro {#sec2dot1-molecules-22-00715}
-------------------------------------------------------------------

To investigate the anti-inflammatory activities of monoterpenoids (PF, MPF, AF, PD, MBPF, BAF, PDA, GAF, and DAF) in vitro, we measured the production of NO, IL-6, and TNF-α in LPS-stimulated RAW 264.7 cells, after treatment with PF, MPF, AF, PD, MBPF, BAF, PDA, GAF, and DAF, respectively. The results showed that paeoniflorin derivatives (PF, MPF, and MBPF) and paeonidanins (PD and PDA) clearly inhibited the production of NO; albiflorin derivatives (BAF, GAF, and DAF) presented weak inhibition of NO release; and albiflorin had no obvious suppression effect at the tested concentration ([Figure 1](#molecules-22-00715-f001){ref-type="fig"}).

In addition, the secretion levels of TNF-α and IL-6 were obviously inhibited by paeoniflorins (PF, MPF, and MBPF) and paeonidanins (PD and PDA) in a dose-dependent manner in LPS-stimulated RAW 264.7 cells ([Figure 2](#molecules-22-00715-f002){ref-type="fig"} and [Figure 3](#molecules-22-00715-f003){ref-type="fig"}). Among the albiflorin derivatives, only GAF significantly suppressed the production of TNF-α and IL-6, and AF, BAF and DAF did not present obvious activities at the tested concentrations ([Figure 4](#molecules-22-00715-f004){ref-type="fig"}). On the other hand, exclusion of the anti-inflammatory activities was due to their cytotoxic effects; the cytotoxicity of the nine monoterpenoids (100 μM) were determined using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-*H*-tetrazolium bromide (MTT) assay. The results showed that all of the compounds had no obvious cytotoxicity on RAW 264.7 cells at 100 μM.

All these results further proved that most of the monoterpenoids had anti-inflammatory effects in vitro. The anti-inflammatory activities of these monoterpenoids were closely related to their structure characteristics. Monoterpenoids with structural characteristics of paeoniflorins and paeonidanins presented stronger anti-inflammatory effects compared with those of albiflorin derivatives (PF, MPF, MBPF, PD and PDA vs. AF, BAF, and DAF). The galloyl group, at the sugar moiety of albiflorins, were obviously able to increase the anti-inflammatory effects (GAF vs. AF, BAF, DAF). Among them, MBPF showed a stronger inhibition on the production of NO, IL-6, and TNF-α. Therefore, we further investigated the effects of MBPF on Toll receptor signaling to explore the action mechanism of anti-inflammation.

2.2. MBPF Inhibits Expression of iNOS in LPS-Induced RAW 264.7 Cells {#sec2dot2-molecules-22-00715}
--------------------------------------------------------------------

Inducible nitric oxide synthase (iNOS), which catalyzes the production of nitric oxide, plays a significant role in inducing inflammation. Quantitative real-time polymerase chain reaction (RT-qPCR) was performed to determine the effects of MBPF on mRNA expression of iNOS in LPS-induced RAW 264.7 cells. As shown in [Figure 5](#molecules-22-00715-f005){ref-type="fig"}B, MBPF greatly inhibited the mRNA expression levels of iNOS in a concentration-dependent manner in LPS-stimulated RAW 264.7 cells. Western blot analysis confirmed that MBPF inhibited the protein expression level of iNOS ([Figure 5](#molecules-22-00715-f005){ref-type="fig"}A). The results further proved that MBPF had anti-inflammatory effects in vitro.

2.3. MBPF Inhibits the Activation of MAPK, PI3K/Akt and NF-κB Signaling Pathway in LPS-Induced RAW 264.7 Cells {#sec2dot3-molecules-22-00715}
--------------------------------------------------------------------------------------------------------------

The current study further investigated the molecular mechanisms of MBPF against LPS-induced inflammatory reaction in RAW 264.7 cells. It is known that MAPK, PI3K/Akt and NF-κB signaling pathways play important roles in the process of inflammation \[[@B17-molecules-22-00715],[@B18-molecules-22-00715],[@B19-molecules-22-00715]\]. The MAPK pathway includes the extracellular regulated kinases (ERK1/2), p38 MAPKs, and the c-Jun N-terminal kinases (JNK), and inhibiting the activation of MAPKs down-regulates the expression of various inflammatory genes \[[@B20-molecules-22-00715]\]. To examine whether MBPF inhibits the activation of MAPK pathways, Western blot analyses were performed in RAW 264.7 cells that were pretreated with MBPF. As the results showed ([Figure 6](#molecules-22-00715-f006){ref-type="fig"}A--E), MBPF inhibited the phosphorylation of p38, ERK, JNK, and c-jun. In addition, previous studies have indicated that LPS-stimulated activation of PI3K/Akt signaling was involved in the progression of inflammation \[[@B21-molecules-22-00715],[@B22-molecules-22-00715]\]. As shown in [Figure 6](#molecules-22-00715-f006){ref-type="fig"}F,G, LPS dramatically enhanced the phosphorylation of the Akt protein in RAW264.7 cells, and Akt phosphorylation was clearly suppressed by MBPF.

The NF-κB signaling pathway plays a crucial role in regulating the expression of inflammatory factors during an inflammatory response; as shown by the results of Western blot ([Figure 7](#molecules-22-00715-f007){ref-type="fig"}). The NF-κB signaling pathway was significantly activated by LPS in RAW 264.7 cells. However, MBPF distinctly inhibited the phosphorylation of p65, IκB-α, and attenuation of total IκB-α. Normally, NF-κB, in an inactive form, is associated with inhibitors of IκB that exist in the cytoplasm. When IκB-α was phosphorylated and degraded, the NF-κB p65 subunit was released and translocated to the nucleus to regulate gene transcription \[[@B23-molecules-22-00715]\]. To clarify, we separated the cytosol and nucleus of the cells and determined the protein levels of p65. The Western blot results demonstrated that LPS increased the translocation of p65 to the nucleus, and MBPF clearly inhibited p65 translocation.

3. Experimental Section {#sec3-molecules-22-00715}
=======================

3.1. Chemicals and Reagents {#sec3dot1-molecules-22-00715}
---------------------------

The monoterpenoids, PF, MPF, AF, PD, MBPF, BAF, PDA, GAF, and DAF, were isolated from *Paeonia lactiflora* Pall in our previously study. For the current study, they were dissolved in DMSO before use. Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS), 0.25% trypsin, and penicillin-streptomycin-amphotericin (PSA) were purchased from Gibco BRL Co. Ltd. (Gaithersbug, MD, USA). The primary antibodies, such as anti-iNOS, anti-phospho-p38 (Thr180/Tyr182), anti-p38, anti-phospho-ERK1/2 (Thr202/Try204), anti-ERK, anti-phospho-JNK (Thr183/Tyr185), anti-JNK, anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-c-Jun (Ser73), anti-phospho-p65 (Ser536), anti-p65, anti-p-IκBα (Ser32), IκBα anti-β-actin, anti-GAPDH, anti-HDAC 1, and secondary antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Lipopolysaccharide (LPS) from *Escherichia coli* 055:B5, 3-\[4,5-Dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT), dexamethasone (DXM), and Trizol reagent were obtained from Sigma Chemical Co. (St. Louis, MO, USA). The Griess reagent, protein extraction kit, and BCA protein assay kit were obtained from the Beyotime Institute of Biotechnology (Beijing, China). Go Tag^®^ qPCR Master Mix and GoScript^TM^ Reverse Transcription System were purchased from Promega (Madison, WI, USA). Mouse TNF-α and the IL-6 ELISA kit were purchased from R&D systems (Abingdon, UK).

3.2. Cell Culture and Cytotoxic Assay {#sec3dot2-molecules-22-00715}
-------------------------------------

The RAW 264.7 cells were cultured in DMEM medium, supplemented with 10% heat-inactivated FBS, 2 mM [l]{.smallcaps}-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin, at 37 °C under 5% CO~2~. The measurements of cell viability were from the MTT assay. RAW 264.7 cells were plated at 2 × 10^5^ cells per well in 96-well-plates. After incubation overnight, the cells were pretreated with compounds and DMSO for 2 h and then induced with LPS (1 μg/mL) for 24 h. After that, 20 μL of MTT (5 mg/mL) was added in order to incubate for 4 h at 37 °C under 5% CO~2~; then the cell medium was discarded and 150 μL of DMSO was added. After 5 min, the OD values of the culture plate at 570 nm was measured using a microplate reader.

3.3. Determination of Nitric Oxide (NO) Production {#sec3dot3-molecules-22-00715}
--------------------------------------------------

The cells were plated at 1 × 10^6^ cells/well in 6-well-plates and cultured overnight. The cells were pretreated with various compounds (33 μM) for 2 h and were then induced with LPS (1 μg/mL) for 24 h. After that, 50 μL of cell supernatant was collected into a new 96-well plate and 50 μL of Griess reagent I and 50 μL of Griess reagent II were added after incubation for 5 min at room temperature, the OD values of the 96-well plate were measured at 540 nm using a microplate reader. The production of nitrite was calculated using a standard curve of NaNO~2~.

3.4. Measurement of Cytokine (IL-6 and TNF-α) {#sec3dot4-molecules-22-00715}
---------------------------------------------

The cells were seeded at the 1 × 10^6^ cells per well in 6-well-plates and cultured overnight. Then, the cells were, respectively, pretreated with various compounds (0, 11, 33, and 100 μM) and dexamethasone (DXM, 33 μM) for 2 h. After being stimulated with LPS (1 μg/mL) for 12 h, the production of IL-6 and TNF-α in the culture supernatant was measured using Elisa kits, according to the manufacturer's protocols. The OD values at 450 nm were measured using a microplate reader.

3.5. Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis {#sec3dot5-molecules-22-00715}
--------------------------------------------------------------------

Raw 264.7 cells were seeded at 1 × 10^6^ cells/well in 6-well-plates and cultured overnight, and then pretreated with MBPF (0--100 μM) and dexamethasone (33 μM) for 2 h, respectively. Following this, the cells were stimulated with LPS (1 μg/mL) for 6 h. Total RNA was extracted with Trizol reagent, according to the manufacturer's protocols. Two micrograms of total RNA were reverse-transcribed to cDNA with a reverse transcription system, according to the manufacturer's protocols. Relative mRNA levels of genes were quantified using SYBR green chemistry using a Bio-Rad CFX Connect Real-Time system (Hercules, CA, USA) with a set of specific primers: The forward and reverse primers for iNOS were 5′-TGGAGCGAGTTGTGGATTGTC-3′ and 5′-GGTCGTAATGTCCAGGAAGTAG-3′, respectively; the primers for GAPDH were 5′-TTGCGACTTCAACAGCAACTC-3′ and 5′-GGTCTGGGATGGAAATTGTG-3′.

3.6. Western Blot Analyses {#sec3dot6-molecules-22-00715}
--------------------------

The RAW264.7 cells were pretreated with various concentrations of MBPF (0--100 μM) and dexamethasone (33 μM), respectively, for 2 h and were induced with LPS (1 μg/mL) for 30 min (or 24 h for the iNOS protein). Total protein, as well as cytoplasmic and nuclear proteins were extracted using radioimmunoprecipitation assay (RIPA) buffer and the protein extraction kit (Beyotime, Beijing, China), according to the manufacturer's instructions. The protein content was measured with a BCA protein assay kit (Beyotime, Beijing, China), protein samples (20--60 μg) were separated on 10% SDS-PAGE and transferred to 0.45 μm pore size polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). After being blocked with 5% skimmed milk for 1 h, the membranes were incubated with primary antibodies at 4 °C overnight, and then incubated with the conjugated secondary antibodies at room temperature for 1 h. Blots were exposed using the enhanced chemiluminescence detection kit (Millipore, Billerica, MA, USA). The protein signals were analyzed using Bio-Rad ChemiDoc™ XRS + System (Bio-Rad, Hercules, CA, USA).

3.7. Statistical Analyses {#sec3dot7-molecules-22-00715}
-------------------------

The data were expressed as the mean ± S.E. of at least three independent experiments. The statistical significance of the differences between the means were determined using the Student's *t*-test. The *p* values \< 0.05 (\*) were considered significant, *p* values \< 0.01 (\*\*) and *p* \< 0.001 (\*\*\*) were considered highly significant.

4. Conclusions {#sec4-molecules-22-00715}
==============

In conclusion, most of the paeoniflorin, paeonidanin, and albiflorin derivatives from *P. lactiflora* possessed anti-inflammatory effects. Among them, paeoniflorins and paeonidanins presented stronger anti-inflammatory activities than albiflorin derivatives. Paeoniflorin derivative MBPF showed a stronger inhibition on the production of NO, IL-6, and TNF-α. The molecular mechanism investigations indicated that MBPF suppressed the production of pro-inflammatory cytokines via inhibition of the signaling pathways of MAPK, PI3K/Akt, and NF-κB in RAW 264.7 cells. These active monoterpenoids from *Radix Paeoniae Alba* may serve as potential leads for the development of anti-inflammatory agents.
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![Effect of monoterpenoids (PF, MPF, MBPF, PD, PDA, AF, BAF, DAF, and GAF) on the production of nitric oxide (NO) in lipopolysaccharide (LPS)-induced RAW 264.7 cells. The cells were treated, respectively, with the 33 μM of the nine different compounds for 2 h, and then stimulated with LPS (1 μg/mL) for 24 h. The culture medium was collected to detect the concentrations of nitrite and calculate the relative NO release rate. (PF, paeoniflorin; MPF, 4-*O*-methylpaeoniflorin; MBPF, 4-*O*-methylbenzoylpaeoniflorin; PD, paeonidanin; PDA, paeonidanin A; AF, albiflorin; BAF, benzoylalbiflorin; DAF, debenzoylalbiflorin; GAF, galloylalbiflorin; \* *p* \< 0.05, \*\* *p* \< 0.01, relative to the LPS group).](molecules-22-00715-g001){#molecules-22-00715-f001}

![The effects of PF, MPF and MBPF on the production of tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) in LPS-induced RAW 264.7 cells. The cells were treated with different concentrations of PF, MPF and MBPF (0, 11, 33, and 100 μM) for 2 h, and were then stimulated with or without LPS (1 μg/mL) for 12 h. The culture medium was collected to detect the production of TNF-α (**A**--**C**) and IL-6 (**D**--**F**) were measured using Elisa kits. (^\#\#\#^ *p* \< 0.001 vs. control group; \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, vs. LPS group).](molecules-22-00715-g002){#molecules-22-00715-f002}

![The effects of paeonidanin (PD) and paeonidanin A (PDA) on the production of TNF-α and IL-6 in LPS-induced RAW 264.7 cells. The cells were treated with different concentrations of PD and PDA (0, 11, 33, and 100 μM) for 2 h, and were then stimulated with or without LPS (1 μg/mL) for 12 h. The culture medium was collected to detect the production of TNF-α ((**A**) and (**C**)) and IL-6 ((**B**) and (**D**)) were measured using Elisa kits. (^\#\#\#^ *p* \< 0.001 vs. control group; \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, vs. LPS group)](molecules-22-00715-g003){#molecules-22-00715-f003}

![The effect of GAF on production of TNF-α and IL-6 in LPS-induced RAW 264.7 cells. The cells were treated with different concentrations of GAF (0, 11, 33, and 100 μM) for 2 h, and were then stimulated with or without LPS (1 μg/mL) for 12 h. The culture medium was collected to detect the production of TNF-α (**A**) and IL-6 (**B**), which were measured using Elisa kits. (^\#\#\#^ *p* \< 0.01 vs*.* control group; \*\* *p* \< 0.01, \*\*\* *p* \< 0.001, vs. LPS group). AF, BAF and DAF presented no obvious activities at the tested concentrations.](molecules-22-00715-g004){#molecules-22-00715-f004}

![The effects of 4-*O*-methylbenzoylpaeoniflorin (MBPF) on mRNA and protein level expressions of inducible nitric oxide synthase (iNOS) in LPS-induced RAW 264.7 cells. (**A**) Cells were pretreated with increasing concentrations of MBPF (0, 11, 33, and 100 μM) for 2 h and were then stimulated with or without LPS (1 μg/mL) for 24 h. Total proteins of RAW 264.7 cells were prepared for iNOS protein analysis using Western blot; (**B**) cells were pretreated with MBPF (0, 11, 33, and 100 μM) for 2 h and were then stimulated with or without LPS (1 μg/mL) for 6 h. The mRNA levels of iNOS were determined using quantitative real-time Polymerase Chain Reaction (PCR) (**C**). Data represent the mean ± SE from three separate experiments. (^\#\#\#^ *p* \< 0.001 vs*.* control group; \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 vs*.* LPS group).](molecules-22-00715-g005){#molecules-22-00715-f005}

![Effects of MBPF on MAPK and the PI3K/Akt signaling pathway in LPS-induced RAW 264.7 cells. The cells were pretreated with different concentrations of MBPF (0, 11, 33, and 100 μM) for 2 h and were then stimulated with or without LPS (1 μg/mL) for 30 min. The protein levels of phospho- extracellular regulated kinases (ERK1/2/ERK1/2), phospho-p38/p38, phospho-c-Jun N-terminal kinases (JNK/JNK), and phospho-c-Jun/β-actin were analyzed using Western blot (**A**--**E**). The p-Akt/Akt proteins were also determined using Western blot ((**F**) and (**G**)). Data represent the mean ± SE from three separate experiments. (^\#\#\#^ *p* \< 0.001 vs*.* control group; \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 vs*.* LPS group).](molecules-22-00715-g006){#molecules-22-00715-f006}

![Effect of MBPF on LPS-induced activation of the nuclear factor κB (NF-κB) pathway in RAW264.7 cells. Cells were pretreated with various concentrations of MBPF (0, 11, 33, and 100 μM) for 2 h and were then stimulated with or without LPS (1 μg/mL) for 30 min. The protein levels of phospho-p65, phospho-IκB-α, and IκB-α were analyzed using Western blot (**A**--**D**). Cytosolic (C) and nuclear (N) protein were extracted to determine the levels of p65 using Western blot (**E**--**H**). The data represent the means ± S.E. of three independent experiments. (^\#\#\#^ *p* \< 0.001 vs*.* control group; \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 vs*.* LPS group).](molecules-22-00715-g007){#molecules-22-00715-f007}
